Tschöpe C. Myeloid differentiation factor-88 contributes to TLR9-mediated modulation of acute coxsackievirus B3-induced myocarditis in vivo.
The innate immune system is mainly responsible for the immediate inflammatory response after viral infection (6) . This system recognizes pathogen-associated patterns with the help of a broad panel of pattern recognition receptors, including Toll-like receptors (TLRs) (6) . The activation of TLRs via a variety of endogenous and exogenous ligands results in the gene activation of a variety of cytokines in several cell types (1) . Some TLRs, namely, TLR2 and TLR4, have been shown in experimental studies to sufficiently trigger LV dysfunction under ischemic hypertrophic, toxic, and septic conditions (9, 17, 27, 33, (35) (36) (37) (38) 41) . Furthermore, TLR4 has been demonstrated to modulate viral load and cardiac function in CVB3-induced myocarditis (6) . However, the role of TLR9, known to be involved in viral infections as well, has not been investigated under these conditions (46) . This receptor subtype is endosomally located and can be activated, among other things, by bacterial and viral patterns as well as danger proteins derived from cell damage processes as apoptosis (24, 40) . When activated, TLR9 uses (as do all other mammalian TLRs except TLR3) an intracellular signaling pathway that is dependent on the adapter protein myeloid differentiation factor 88 (MyD88) (1, 10) . This has recently been shown to decrease cardiomyocyte contractility (19) . Whereas the subtypes TLR2 and TLR4 as well as MyD88 have been demonstrated to influence the development of infectious and/or noninfectious cardiovascular diseases, the role of TLR9 in viral myocarditis is still unknown. Therefore, we investigated whether or not TLR9 modulates the development of virus-induced cardiac damage and which mediators are involved in experimental CVB3-induced myocarditis.
MATERIALS AND METHODS
Experimental animals. Male C57BL/6 wild-type (WT) mice and TLR9-deficient [knockout (KO)] mice, which carrying a deletion of the TLR9 gene, were obtained from the breeding stocks of the Max-PlanckInstitut für Immunologie (Freiburg, Germany) (15) . All mouse strains were bred in the Forschungsinstitut für Experimentelle Medizin (Berlin, Germany). WT and KO mice, aged 8 to 10 wk, were randomly selected into four groups for inoculation with CVB3 (Nancy strain, 5 ϫ 10 5 plaque-forming units ip) diluted in 0.2 ml saline as previously described (16) . Sham infection (n ϭ 8 mice/group) consisted of an injection of 0.2 ml of saline intraperitoneally together with LPS on days 0 and 4. Seven days (n ϭ 8 mice/group) and 28 days (n ϭ 8 mice/group) after viral infection, mice were hemodynamically characterized. Finally, hearts were excised and prepared for molecular biological and immunohistochemical analyses as described below. This investigation conformed with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 85-23, Revised 1996) . This study was approved by the Landesamt für Gesundheit und Soziales (Berlin, Germany; No. G 0277).
Surgical procedures and hemodynamic measurements. Animals were anesthetized (125 g/g ip thiopental), intubated, and artificially ventilated. As previously described, a 1.4-Fr microconductance pressure catheter (ARIA SPR-719, Millar Instruments) was positioned in the LV for the continuous registration of LV pressure-volume (P-V) loops in an open chest model (34, 47, 48) . Systolic function was quantified by LV end-systolic pressure (LVESP; in mmHg) and dP/dt max (in mmHg/s) as an index of LV contractility. Diastolic function was measured by dP/dtmin (in mmHg/s) and LV end-diastolic pressure (LVEDP; in mmHg). Global cardiac function was quantified by stroke volume (SV; in l), heart rate (HR; in beat/min), and cardiac output (CO; in ml/min).
Tissue preparation. For immunohistochemical analyses, cardiac tissues were embedded in OCT compound (Tissue Tec, Sakura Finetek). For molecular biological analyses, isolated heart tissues were immediately snap frozen in liquid nitrogen and stored at Ϫ80°C as previously described (45, 47) .
Immunohistochemical evaluation of immune cell infiltration. Immunohistological analyses were performed in transversely dissected myocardial samples as previously described (20) . In brief, sections were incubated with goat anti-CD3 (1:25, Santa Cruz Biotechnology), goat anti-CD4 (1:50, Pharmingen), rat anti-CD8a (1: 50, Pharmingen), and rat anti-CD11b (1:50, Pharmingen). Immunostaining of collagen type I in LV tissue was carried out with specific antibodies using commercially available kits (VECTASTATIN). Thereafter, sections were exposed to biotinylated rabbit anti-rat IgG diluted to 1:100 (DAKO) and rabbit anti-goat IgG diluted to 1:200 (ABCKit). Subsequently, sections were incubated with VECTASTAIN ABC reagent (Vector). For quantitative analysis, the numbers of CD3-, CD4-, CD8a-, and CD11b-positive cells per millimeter squared were measured by digital image analysis as previously described (49) .
CVB3, TLR9, collagen type I, and IFN-␤ mRNA expression. For RNA preparation, cardiac tissue samples were homogenized, and total RNA was prepared using TRIZOL reagent (Invitrogen) according to the manufacturer's protocol. Quantitative real-time RT-PCR (RT-PCR, TaqMan) was performed on an ABI PRISM 7700 sequence detection system (Applied Biosystems). For the detection of murine TLR9, collagen type I, CDKN1, and IFN-␤, primers and probe oligonucleotides were designed as based on the specific murine cDNA sequence and purchased from Applied Biosystems [TLR9: Mm 00446193_m1, 18S: Hs 99999901_S1, collagen type I: Mm 01302043_g1, transforming growth factore (TGF)-␤: Mm00441724_m1, and IFN-␤: Mm 00439546_S1]. For normalization, a CDKN1b gene expression assay was used (Applied Biosystems). For the quantification of CVB3 mRNA, quantitative real-time RT-PCR (TaqMan) was used. For RNA preparation, cardiac tissue samples were homogenized, and total RNA was prepared using TRIZOL reagent (Invitrogen) according to the manufacturer's protocol. Quantitative real-time RT-PCR was performed on an ABI PRISM 7700 sequence detection system (Applied Biosystems). For the detection of CVB3, primers and probe oligonucleotides (forward primer: 5=-CCCTGAAT-GCGGCTAATCC-3=, reverse primer: 5=-ATTGTCACCATAAG-CAGCCA-3=, and probe: 5=-FAM-TGCAGCGGAACCG-3=) were designed as based on the CVB3 cDNA sequence. For normalization, CDKN1 mRNA was purchased by a commercial TaqMan PreDeveloped Assay Reagent (Applied Biosystems).
Protein expression of TNF-␣. Cardiac contents of TNF-␣ protein was measured by ELISA using a commercial kit (R&D Systems) according to the manufacturer's directions (3, 33) . For the determination of TNF-␣ protein, cardiac extracts from tissues were used.
Western blot analysis. Western blot analyses were performed using a primary antibody raised against MyD88 (1:1,000, Imgenex) incubated with 5% milk overnight at room temperature. Chemiluminescence detection was performed with ECL Plus (Amersham Pharmacia Biotech), and chemiluminescence was also detected with the use of X-ray films. The housekeeping gene GAPDH was used as a loading control (3) .
DNA-p65 NF-B binding assay. As previously described (27, 33) , DNA-p65 NF-B binding activity in myocardial tissue was measured using a BD Mercury TransFactor kit (BD Biosciences, Clontech), which detects DNA binding by specific transcription factors 7 and 28 days after CVB3 infection. Values were normalized with respect to the protein content. Values are means Ϯ SE; n ϭ 8 mice/group. Left ventricular (LV) function was assessed using a microconductance catheter 7 and 28 days after coxsackievirus B3 (CVB3) infection. WT, wild type; KO, Toll-like receptor 9-deficient (knockout) mice. *P Ͻ 0.05 vs. WT, KO, and CVB3-infected KO mice at 7 days postinfection; †P Ϫ 0.05 vs. WT and KO mice.
Statistical analyses. Statistical analysis of animal experiments was performed using ANOVA, a nonparametric Kruskal-Wallis test, and a Mann-Whitney U-test to compare groups. Values are means Ϯ SE. P values of Ͻ0.05 were considered to be statistically significant. All statistic analyses were performed using SPSS version 12.0 (SPSS, Chicago, IL).
RESULTS
TLR9 expression in cardiac tissue. As shown in Fig. 1 , CVB3-infected WT mice displayed significant upregulation of TLR9 mRNA only in the acute phase of 7 days after CVB3 infection but not in the chronic phase of 28 days after CVB3 infection compared with WT control mice (n ϭ 8 mice/group).
LV function after CVB3 infection in mice. Hemodynamic data are shown in Table 1 (n ϭ 8 mice/group). No differences in the parameters of systolic, diastolic, and global LV function were found between WT and KO mice under basal conditions. In agreement with previous findings, CVB3-infected WT mice displayed significant impaired systolic (LVESP: Ϫ36% and Ϫ49% and dP/dt max : Ϫ60% and Ϫ66%, P Ͻ 0.01), diastolic (dP/dt min : Ϫ62%, P Ͻ 0.05), and global (SV: Ϫ61% and Ϫ36%, HR: Ϫ50% and Ϫ36%, and CO: Ϫ59% and Ϫ42%, P Ͻ 0.05) LV function in both the acute and chronic stage after CVB3 infection. In contrast, in CVB3-infected KO mice, parameters of systolic (LVESP: ϩ22% and dP/dt max : ϩ44%, P Ͻ 0.05), diastolic (dP/dt min : ϩ48%, P Ͻ 0.05), and global (SV: ϩ35% and CO: ϩ42%, P Ͻ 0.05) LV function were significantly improved in the acute phase of 7 days after CVB3 infection. In the chronic phase of CVB3 infection, LV function did not differ between CVB3-infected WT and KO mice.
LV remodeling after CVB3 infection in mice. As shown in Fig. 2 (n ϭ 8 mice/group), there were no significant differences regarding markers of cardiac fibrosis, namely, collagen type I and TGF-␤, between noninfected WT and KO mice. Viral infection with CVB3 led to an induction of cardiac fibrosis in CVB3-infected WT mice after 7 and 28 days as indexed by increased cardiac collagen type I and TGF-␤ contents compared with noninfected WT controls (P Ͻ 0.05). The highest expression of collagen type I and TGF-␤ was observed 7 days after CVB3 infection. In CVB3-infected KO mice, there were also significantly increased cardiac collagen type I and TGF-␤ levels compared with uninfected KO mice (P Ͻ 0.05). In contrast, collagen type I protein and mRNA as well as TGF-␤ mRNA were significantly reduced in CVB3-infected KO mice after 7 days compared with CVB3-infected WT mice at the same time point (P Ͻ 0.05). After 28 days of CVB3 infection, there were no significant differences between CVB3-infected KO and WT mice regarding collagen type I and TGF-␤ expression.
Viral load. We measured the mRNA expression of cardiac CVB3 by RT-PCR (n ϭ 8 mice/group). There were no significant differences between CVB3-infected WT mice and KO mice 7 and 28 days after CVB3 infection, indicating that the improved LV function and attenuated cardiac immune cell infiltration occurred independently of viral control (Fig. 3) . Twenty-eight days after CVB3 infection, the viral load in both CVB3-infected WT and KO mice was significantly reduced compared with CVB3-infected WT and KO mice at the 7-day time point, respectively, suggesting a similar viral clearance in CVB3-infected WT and KO mice after 28 days of CVB3 infection. As expected, there was no CVB3 mRNA detectable in noninfected WT and KO control mice (data not shown).
Infiltration of immune cells in the heart after CVB3 infection. As shown in Fig. 4 , CVB3-infected WT mice displayed significantly increased cardiac cell infiltration of CD3-, CD4-, CD8a-, and CD11b-positive immune cells 7 and 28 days after CVB3 infection (n ϭ 8 mice/group). CVB3-infected KO mice showed significantly reduced cardiac cell infiltration compared with CVB3-infected WT mice 7 days after viral infection. In contrast, after 28 days of CVB3 infection, there was no significant different cardiac cell infiltration between CVB3-infected WT and KO mice.
Cardiac MyD88 protein expression after CVB3 infection. Noninfected WT and KO mice showed similar cardiac MyD88 protein expression (n ϭ 8 mice/group; Fig. 5 ). CVB3-infected WT mice showed significantly increased MyD88 levels 7 days after infection compared with noninfected WT mice. In contrast, cardiac MyD88 expression was significantly reduced in CVB3-infected KO mice compared with CVB3-infected WT mice (P Ͻ 0.05).
Cardiac cytokine activation after CVB3 infection. CVB3 infection led to the increased expression of TNF-␣ expression in CVB3-infected WT mice after 7 days compared with noninfected WT mice (n ϭ 8 mice/group; Fig. 6A ). KO mice did not display a significant difference compared with WT mice. CVB3-infected KO mice showed significantly decreased protein contents of TNF-␣ in the heart after 7 days compared with CVB3-infected WT mice. In contrast, after 28 days, there were no significant differences between CVB3-infected WT and KO mice. Figure 6B shows significantly increased IFN-␤ mRNA expression in CVB3-infected KO mice 7 days after infection compared with CVB3-infected WT mice at the same time point. After 28 days, there were no significant differences among the groups at very low expression levels of IFN-␤ in controls and on day 28 ). NF-B activity. We measured NF-B binding activity 7 and 28 days after CVB3 infection in cardiac tissue using a binding assay (n ϭ 8 mice/group; Fig. 7 ). Binding activities of noninfected WT and KO control mice did not differ. Seven days after CVB3 infection, NF-B activity was significantly increased in CVB3-infected WT mice compared with control WT mice. Seven days after CVB3 infection, CVB3-infected KO mice displayed significantly reduced NF-B activity compared with CVB3-infected WT mice. After 28 days, NF-B activity did not differ among the groups and compared with control mice.
DISCUSSION
Here, we show in a mouse model of CVB3-induced myocarditis an upregulation of TLR9 in the heart during the acute phase of the disease. Moreover, TLR9 regulates, directly or indirectly, LV function and cardiac inflammation independently of cardiac viral load. Cardiac damage seems to be modulated by cardiac MyD88 and proinflammatory cytokine activation. In contrast, in the chronic phase of CVB3 infection, TLR9 seems not to play a role for the cardiac phenotype under these conditions. Several TLRs have been suggested to be involved in viral myocarditis. Thus, a causal link between TLR4 and CVB3 replication has been found (8) . Others (42) have described a significant increase, especially of TLR7 and TLR8, in myocytes after CVB3 infection, suggesting a regulative function of the innate immune system under these conditions. However, the role of TLR9 in viral myocarditis has, to our knowledge, not yet been investigated. It is known that TLR9 can recognize several DNA virus types. For example, it has been shown that both murine cytomegalovirus as well as herpes simplex virus 1 and 2 can stimulate dendritic cells via TLR9 (46) . The present study suggests that the acute, but not the chronic, pathogenicity of CVB3 is affected by TLR9. TLR9 is unable to directly recognize RNA viruses, as is indeed the case for CVB3. However, both interactions recently described between TLR9 and TLR7/TLR8 and DNA-bacterial coinfection could be responsible for a potential modulation of CVB3-induced myocarditis by TLR9 (28) . Despite coregulation, stimulation by CVB3 in a double-strain manner after replication might be a target. At least a stimulation by CVB3-mediated upregulation of proteins such as high-mobility group box 1 or renal tumor antigen would also be a potential mediator for TLR9-induced myocardial damage in acute myocarditis (40) .
To further investigate whether or not cardiac TLR9 expression patterns in hearts from CVB3-infected mice could have a causal link to the development of acute viral myocarditis, we performed experiments in the well-established TLR9 Ϫ/Ϫ KO mouse model (15) . Viral myocarditis caused by CVB3 in mice is characterized by the viral infection of cardiomyocytes followed by a pronounced infiltration of inflammatory cells, similar to pathophysiological mechanisms in humans (22, 23, Fig. 4 . Infiltration of immune cells in the heart after CVB3-infection. Immunohistological analyses were performed in transversely dissected myocardial samples as previously described (20) . Cardiac immunostaining of CD3 ϩ (3A), CD4 ϩ (3B), CD8a ϩ (3C), CD11b ϩ (3D) positive cells were quantified 7 and 28 days after CVB3 infection by digital imaging analyses. Data are depicted as mean Ϯ SEM. Fig. 3F shows representative pictures of the immunostaining. Specific immmune cells are colored red. Quantification and representative pictures of cardiac contents of ICAM-1 are shown in (E). WT: wildtype, CVB3: coxsackievirus type 3, KO: TLR9 deficient mice. *ϭP Ͻ 0.05, n.s. ϭ non significant. 39 ). In addition, the chronic phase of this model is characterized by the loss of myocardial CVB3 persistence (10). Moreover, CVB3 infection in mice results in a disease similar to the clinical heart disease observed in humans, with the development of acute myocarditis from day 7 to 14 after infection that later progresses into a chronic, autoimmune phase of the disease (7) . In this regard, there is, as similar observed in humans, a high variation in CVB3 susceptibility dependent on the different mouse strains (16, 30) . In agreement with previous findings, CVB3-infected WT mice in our study displayed impaired LV function and enhanced cardiac infiltration of immune cells (16, 21) . TLR9 deficiency led to improved LV function in the acute phase of myocarditis, which was contributed by decreased infiltration of immune cells, known to be hallmarks in virus-induced cardiac dysfunction (10, 11, 18, 43) , at the same time point. Interestingly, these effects were independent of cardiac CVB3 mRNA levels. We also observed, at least in part, increased cardiac cell infiltration 28 days after CVB3 infection compared with the 7-day time point in both WT and KO mice, respectively. In the light of similar and much lower viral load in both groups at the chronic time point, this increase of infiltration is most likely a result from secondary autoimmune reaction as also known in the CVB3 model (31) . In contrast to these beneficial effects due to TLR9 deficiency, in the chronic phase of myocarditis, LV dysfunction was not modulated by TLR9, showing that, at least in our model, TLR9 triggers only acute and transient, but not chronic, myocardial damage resulting from CVB3 infection. This is also based on our findings that TLR9 deficiency led to a marked reduction of cardiac fibrosis, a hallmark of heart failure, only in the acute phase of myocarditis. This might also be affected by a suppression of one of the most important profibrotic cytokines, TGF-␤, since cardiac regulation is also affected at this time point (29) .
To better understand the underlying mechanisms of the cardiac phenotype due to TLR9 deficiency, we investigated TLR9 signal- ing. TLR9 activates the adapter protein MyD88 for intracellular signaling, which has been shown to sufficiently modulate CVB3-induced myocarditis in mice (10) . In line with this study, markedly increased expression of this protein in CVB3-infected hearts has been found (10) . It was also demonstrated that MyD88 can trigger mortality in this disease (10) . In addition, MyD88 has been shown to modulate LV function in several types of heart failure (12, 13) . TLR9 deficiency in our study led to a significant decrease of cardiac MyD88 expression during the acute phase of CVB3 infection compared with infected WT mice, suggesting that the beneficial effects in infected TLR9-deficient mice are mediated by downregulation of the MyD88-dependent signaling pathway. This hypothesis was also strengthened by our findings of a main target transcription factor of MyD88, namely, NF-B. In line with MyD88 expression, cardiac NF-B was activated in WT mice within the acute phase of CVB3 infection. TLR9-deficient mice showed reduced binding activity of this transcription factor at the same time point compared with CVB3-infected WT mice.
In contrast to the findings by Fuse et al. (10) , who found improved cardiac viral control in MyD88-deficient mice, TLR9 deficiency did not lead to reduced viral load in CVB3-infected hearts, although MyD88 is known to be the main mediator for TLR9 signaling. Due to the fact that MyD88 is a pivotal adapter protein for all TLRs except TLR3, including TLR4, and is also known to influence cardiac CVB3 infection, it is likely that TLR9 deficiency alone might not suffice to completely inhibit MyD88 signaling (1, 6) . This hypothesis is supported by the fact that the expression of MyD88 was not completely normalized in CVB3-infected TLR9-deficient mice. However, TLR9 deficiency was sufficient enough to reduce cardiac inflammation, including cardiac contents of TNF-␣, which has been shown to be activated by TLR9 and, furthermore, to be a sufficient cardiodepressive cytokine (2, 4, 19) . A number of studies in humans and animals have shown a relevant role for this cytokine regarding the development of heart failure. Circulating levels of TNF-␣ are independent predictors of mortality in patients with heart failure (26) . TNF-␣ antagonism exerts cardioprotective effects in rats subjected to continuous TNF-␣ infusion, in mice with cardiac-specific TNF-␣ overexpression, and in experimental animal models of heart failure (14) . Furthermore, it has been shown that TNF-␣ plays a causal role for CVB3 inoculation (32) . In our study, KO mice after 7 days of CVB3 infection showed significantly lower levels of this cytokine in the heart, suggesting that this might be a possible effector cytokine of TLR9 signaling in viral myocarditis. However, in the chronic phase of myocarditis, TNF-␣ levels of both infected WT and KO mice were similar to uninfected controls, showing a low cardiac inflammation in the chronic phase of viral myocarditis, in at least in our model.
In addition, analyses of further effector cytokines that are possibly involved in the TLR9-mediated cardiac deleterious changes during CVB3 infection revealed a significant upregulation of the antiviral IFN-␤ in the heart. We and others have previously shown in experimental and clinical settings that the cytokine IFN-␤ can led to an elimination of viral genomes and to an improvement of LV function in patients and animals with enteroviral or adenoviral persistence and LV dysfunction (5, 10, 43) . Since IFN-␤ gene induction is more under control of TLR3 and TLR4 through TIR domain-containing adaptor-inducing IFN-␤ than directly by TLR9-dependent MyD88 activation, the IFN-␤ activation in TLR9-deficient mice during acute viral infection is most likely a secondary effect possibly due to an interaction with other components of the TLR system (25) .
Taken together, our data show that TLR9 is a sufficient modulator of LV function in the acute phase of viral myocarditis, but not in the chronic phase, in our CVB3 model. The cardioprotective effects of TLR9 deficiency here, including changed LV function and reduced cardiac inflammation in acute myocarditis, possibly affected by suppressed cardiac TNF-␣ via suppressed MyD88 as well as activation of IFN-␤.
